If the Fourier components of a moving plaid have similar temporal frequency, spatial frequency and contrast, coherent motion is perceived according to subjective judgements. We have devised a more objective method of determining the conditions required for coherent motion. Moving plaid stimuli were created with one stationary component. Plaids with a stationary component always have a single perceived direction of motion, which is determined by the presence or absence of coherent motion. In a temporal two-interval forced-choice paradigm we used a direction discrimination task to investigate the effect of varying the temporal and spatial characteristics of the Fourier components and pattern contrast on the probability of coherent motion perception. Agreement across observers regarding the conditions required for coherent motion was excellent using this more objective method. We find that patterns do not produce coherent motion when presented at contrast threshold, irrespective of how similar the Fourier components are. We also confirm that when the temporal frequency, spatial frequency and contrast of the gratings are sufficiently similar, observers report the direction of motion indicating coherent motion.
Introduction
It is widely accepted that the visual system implements a two-stage process to determine the direction of motion of a two-dimensional (2D) pattern. It is thought that a 2D pattern is decomposed into its onedimensional (1D) Fourier components, the speed and direction of motion of each component (stage 1: component motion) calculated and combined (stage 2) to compute the direction of motion of the pattern as a whole (Adelson & Movshon, 1982; Movshon, Adelson, Gizzi, & Newsome, 1986; Wilson, Ferrera, & Yo, 1992; Wilson & Kim, 1994) .
The perceived direction of motion of a 1D stimulus moving within a circular aperture is always perpendicular to its orientation (aperture problem first described by Wallach in 1935; Wuerger, Shapley, & Rubin, 1996) . However, the actual direction of motion of the 1D stimulus could be one of any within 180°. This range of motions is defined by a line of constraint running perpendicular to the perceived direction of motion of the stimulus and parallel to its orientation (Fig. 1) . Although the ÔactualÕ direction of motion of a 1D pattern is ambiguous, there is no such ambiguity when moving 1D components with different orientations are combined to produce 2D patterns. An important observation about the perceived direction of motion of a 2D pattern is that its direction of motion is always different to the direction of motion of any of its components; this is fundamental to the design of the experiments presented in this paper. There are two competing theories regarding the method by which 1D components are combined to compute an unambiguous 2D pattern motion; the Intersection of Constraints model (Adelson & Movshon, 1982;  0042-6989/$ -see front matter Ó 2005 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2005.02.020 Fennema & Thompson, 1979; Movshon et al., 1986) and the Vector Sum model Wilson & Kim, 1994) .
The intersection of constraints method is most clearly illustrated using a velocity space diagram. A vector represents the motion of each 1D component; the length of the vector represents the speed of the component and the angle represents its direction. The vector and line of constraint corresponding to each 1D Fourier component is drawn from an origin. By virtue of the fact that the components differ in orientation, there is a unique point in space where the lines of constraint intersect. A third vector drawn from the origin to the point of intersection defines the direction of motion of the 2D pattern (Fig. 2) .
The vector sum theory states that the direction of motion of a 2D pattern is computed by summing the vectors of the components. Both Fourier and non-Fourier components contribute to the vector sum computation. It asserts that non-Fourier components are required in the summation because the Fourier components alone do not always predict the correct direction of motion. Non-Fourier components are derived after a squaring, or rectification operation, followed by low-pass spatial frequency filtering. This filtering ensures that it is the motion of the texture boundaries, or contrast modulations that is extracted, not signals corresponding to the higher spatial frequency texture or carrier (Fig. 2) . Just prior to the final summation stage there is contrast gain control in both the Fourier and non-Fourier pathway to ensure that the final perception is independent of stimulus contrast.
Both the intersection of constraints model and the vector sum model (in its original form) deal with the situation where 1D components combine to form a single unified (coherent) pattern. However, there are conditions in which 1D components are not combined by the visual system to form a unified pattern. In this instance the components are perceived to move over one another independently (incoherent/transparent motion).
Coherence is influenced by the following properties of the Fourier components: relative spatial frequency (Adelson & Movshon, 1982; Smith, 1992 ); relative contrast (Adelson & Movshon, 1982; Welch & Bowne, 1990) ; colour (Cropper, Mullen, & Badcock, 1996; Kooi & De Valois, 1992; Krauskopf & Farell, 1990; Krauskopf, Wu, & Farell, 1996) and relative orientation (Alais, van der Smagt, van den Berg, & van de Grind, 1998; Cropper et al., 1996; Kim & Wilson, 1993) . It is also influenced by properties of the pattern including: duration (Kooi & De Valois, 1992; von Grunau & Dube, 1993; Wright & Gurney, 1997) ; the aperture in which it is presented (Kooi & De Valois, 1992) ; whether the conditions reflect those of physical transparency Stoner & Albright, 1996; Stoner, Albright, & Ramachandran, 1992) and whether stimuli are composed of Fourier or non-Fourier components (Victor & Conte, 1992) .
Despite this wealth of research investigating coherence, the performance of observers in these studies is often variable. This variability may, at least in part, be explained by the use of subjective judgements to measure coherence. This is problematic because it relies heavily on each observer employing precisely the same set of criteria for coherence. Consequently, there is difficulty when comparing results across observers and in determining whether differences between observersÕ Velocity space diagrams for the intersection of constraints and vector sum methods of computing the 2D motion of the plaid pattern shown in Fig. 1 . In the case of the intersection of constraints, the vectors (arrow) and lines of constraint (dashed lines) corresponding to each component are redrawn from an origin (O). Pattern motion is defined as the third vector (bold arrow) drawn from the origin to the unique point in space where the lines intersect. In the case of the vector sum model, the vectors corresponding to the Fourier component motions are also redrawn head to tail from an origin. Pattern motion is defined as the sum of the two vectors (also included in the computation are the vectors corresponding to the non-Fourier components, not shown here for simplicity). Note that in this case the intersection of constraints and vector sum model predict the same direction of motion, there are many instances where this is not the case. Fig. 1 . One-and two-dimensional patterns. (a) A vertically oriented grating that is perceived to move perpendicular to its orientation. Although the perceived direction of motion is directly rightwards (bold arrow) there is a range of motions each of which could be the ÔactualÕ motion of the pattern (light arrow). This ambiguity is known as the Aperture Problem. The range of motions is defined by a line of constraint (dashed line) drawn perpendicular to and through the tip of the velocity vector. (d) A 2D plaid pattern is created by the superimposition of two differently oriented 1D gratings (c and b respectively). The direction of motion of the 2D pattern is not ambiguous in the same way that the motion of a 1D pattern is.
performance are perceptual or whether they occur as a consequence of individual observers employing different sets of criteria. For example, in one study two observers perceived a pattern as coherent on nearly 100% of trials, while a third observer perceived the same pattern as coherent on $60% of trials (Welch & Bowne, 1990) . While many researchers have employed such subjective methods, Cropper et al. (1996) used an arguably more objective way of determining whether patterns cohere. In a single interval trial observers moved a cursor on screen to a position at which the line between the fixation point and the cursor defined the vector corresponding to the perceived direction of motion of the pattern. Although this method is not without problems, observers are not required to make a judgement of coherence. Instead they are required to judge the direction of motion of the pattern. It could be argued that the criteria employed for direction judgement are more consistent than those required for a judgement of coherence. When the components of a plaid combine to form a coherent pattern, the perceived direction of motion of the pattern differs from the direction of either of its Fourier components, this provides a means of exploring coherence by using data obtained from a direction discrimination task. In addition to this, it will provide a means of determining whether any variability in observersÕ performance is mechanism or criterion based.
In the following experiments observers are asked to discriminate the direction of motion of a plaid containing one stationary and one moving component. When the motion is incoherent we assume that the observers will perceive the veridical motions of the two components. The special property of this stimulus is that because one of the component motions has zero velocity, the transparent or incoherent motion stimulus only contains one motion, which is the veridical motion of the moving component. The second special property is that, because the stationary component is oriented, its constraint line runs parallel to its bars and passes through the origin of the velocity space diagram, so coherent motion, as predicted by the intersection of constraints, is in the same direction as the constraint line. Consequently, varying the velocity of the moving component has no effect on the direction of coherent motion; it only changes speed. The orientation of the components have been chosen such that when they combine to form coherent motion the perceived direction of motion is on one side of vertical, parallel to the orientation of the stationary component (Gorea & Lorenceau, 1991) . If, however, the components do not combine to form coherent motion (i.e. motion is incoherent), the direction of motion of the pattern is on the opposite side of vertical to coherent motion, in the direction of motion of the moving component. Therefore, the performance of observers in a direction discrimination task indicates whether coherent or incoherent motion is perceived (see Fig. 3 ).
In this manner, observersÕ perception of coherent motion is investigated without making an explicit judgement of coherence.
Using this more objective method the effect of pattern contrast on coherent motion perception is investigated. In addition to this, we investigate the effect of relative temporal frequency, spatial frequency and contrast of the Fourier components on coherent motion perception. The angular difference between the Fourier components is fixed as it has been shown that coherence is affected by varying this parameter (Alais et al., 1998; Cropper et al., 1996; Kim & Wilson, 1993) .
The results show for the first time, that at the lowest contrast we used, patterns are never perceived as coherent even when the components have the same spatial frequency. They also confirm previous studies by showing that differences between the components in temporal frequency, spatial frequency and contrast make observers less likely to perceive coherent motion. Preliminary results have been presented in abstract form (Delicato & Derrington, 2001 ).
Methods

Apparatus
Stimuli were generated using an 8-bit purpose built display controller (Cambridge Research Systems VSG 2/1) controlled by an IBM compatible Viglen 386 computer. The stimuli were presented on a high resolution Mitsubishi Diamond Pro 20 monitor with a refresh rate of 120 Hz and a mean luminance of 44 cd/m 2 . The outputs from the three digital to analogue converters (DAC) of the display controller were combined in a custom built video attenuator to provide a single highresolution intensity signal that was sent in parallel to the three inputs of the display monitor (Pelli & Zhang, 1991) .
Moving grating patterns were generated using lookup table (LUT) animation. Separate LUTs were created for individual gratings of the required contrast. The part of display memory corresponding to each pixel contained a number that indicated the phase of the sinusoid at that point in the picture. All LUTs contained gamma corrected luminance values and converted the phase of the sinusoid to a number which, when passed through the DACs, gave the voltage required to set the screen to the luminance required at that phase for a sinusoidal grating of the required contrast. Changing the LUT controlled the contrast and spatial position of each pattern.
Procedure
A temporal two-interval forced-choice procedure was implemented using the method of constant stimuli. The start of each trial was initiated by pressing a mouse button and each interval was signalled by an audible tone. The test stimulus was presented in one of the intervals and the comparison stimulus in the other. The order of presentation of the test and comparison stimuli was randomised; the test stimulus had a probability of 0.5 of being presented in the first interval. After each trial the observer was asked to indicate the interval that contained the test pattern (the pattern that moved upwardsand-to-the right, defined by its component motion) by pressing one of the two mouse buttons. In each experiment observers were presented with 60 trials for each stimulus type; for each of the 60 presentations, the different stimulus types were chosen randomly without replacement.
Three observers, one of whom was naïve to the aims of the study, participated in each experiment. All observers had normal or corrected to normal vision.
Stimuli
The test stimulus
The test stimulus was created by superimposing two sinusoidal gratings oriented at À28°and À73°(from vertical). The component oriented at À28°was stationary while the component oriented at À73°moved obliquely upwards-and-to-the-right (component motion; see Fig. 3 ). When the moving component was combined with the stationary component and each component had the same spatial frequency and contrast, the test pattern was perceived to move upwards-and-to-the-left (i.e. on the opposite side of vertical to component motion; see Table 1 ).
To investigate the effect of temporal frequency on coherence, the temporal frequency of the moving component was varied with respect to the stationary component (between 2 and 9 Hz). In all other experiments it is the stationary component that is manipulated.
The comparison stimulus
The comparison stimulus was the mirror image of the test stimulus. Therefore, the orientation of the stationary and moving component was +28°and +73°(from vertical) respectively. Coherent motion is upwards-and-tothe-right (on the opposite side of vertical to component motion) and incoherent motion is upwards-and-tothe-left (corresponding with component motion; see Table 1 ).
Temporal and spatial frequency
To investigate the effect of temporal frequency on coherent motion perception, the temporal frequency of the moving component was increased from 2 to 9 Hz. To investigate the effect of spatial frequency, the spatial frequency of the moving component was fixed at 2 c/deg and the spatial frequency of the stationary component was increased in steps to 9 c/deg. The spatial frequency and contrast of the stationary component was varied with respect to the moving component to avoid the possible confound that perceived speed varies as a function of spatial frequency or contrast (Smith & Edgar, 1991; Thompson, 1982) . The speed of the patterns was maintained at 1 deg/s in this experiment. In both experiments, stimuli were presented with both components at one of five contrast levels (0.5, 0.158, 0.05, 0.0158 and threshold). Patterns were restricted in space by a 1.59°circular aperture at the viewing distance of 417 cm and in time by a Gaussian temporal envelope (r = 250 ms), truncated at 500 ms.
In order to determine contrast threshold observers performed a direction discrimination task containing a single grating oriented at ±73°(from vertical) with a spatial frequency of 2 c/deg moving at 2 Hz. Contrast threshold was determined as the contrast required for observers to perform correctly on 75% of trials in a direction discrimination task.
Contrast
To investigate the effect of relative contrast on coherent motion perception the contrast of the moving component was fixed while the contrast of the stationary component varied. The contrast of the stationary component was decreased with respect to the moving component (fixed at one of four contrast levels; 0.5, 0.158, 0.05, 0.0158). In this experiment, stimuli were presented within a 2°circular aperture at a viewing distance of 333cm for 500 ms within a Gaussian temporal envelope (r = 250 ms).
The test and comparison stimuli were the mirror image of one another. Consequently, if the test stimulus was perceived to move upwards-and-to-the-right then necessarily the comparison stimulus appeared to move upwards-and-to-the-left (and vice versa; see Fig. 3 and Table 1 ).
Results
In a direction discrimination task, observers indicated whether they perceived the pattern that moved upwardsand-to-the-right in the first or second interval. Five psychometric functions, corresponding to each contrast level, were obtained for each observer in experiments investigating temporal and spatial frequency and four psychometric functions for each observer in the experiment investigating relative contrast. The psychometric functions for each experiment from one observer (LSD) are shown in Fig. 4 and are representative of all of the observers. A set of 2D ÔmapsÕ of coherence space is produced using linear interpolation on observersÕ psychometric functions. Each ÔmapÕ predicts, by interpolation, the percentage of trials observers would perceive coherent motion for given stimulus parameters and are shown in Fig. 6. 
Temporal frequency
The intersection of constraints and vector sum models both predict that coherent motion is on one side of vertical for test stimuli and the opposite side of vertical for comparison stimuli; observers performance confirms this. In addition to this, we investigate the effect that contrast and relative temporal frequency have on coherent motion perception. Fig. 4i shows the percentage of times observer LSDs direction discrimination performance indicated that she perceived coherent motion plotted as a function of the temporal frequency of the moving component at five contrast levels. The temporal frequency of the moving component varied in steps between 2 and 9 Hz while the other component remained stationary. It shows that as the temporal frequency of the moving component increased, coherent motion perception was less likely. In addition to this, as the contrast of the patterns decreased, the slopes of the psychometric functions became increasingly shallow. Therefore, at lower contrast the components are required to be more similar in temporal frequency in order to facilitate coherent motion perception. Linear interpolation is used to extrapolate the data in the psychometric functions to make predictions about coherent motion perception for stimulus parameters not tested.
1 Fig. 6 shows the predicted coherence percentages of three observers for three sets of stimulus parameters in nine colour plots. Each column in Fig. 6 presents the predictions for one observer and each row presents the predictions for the following stimulus parameters: relative temporal frequency, spatial frequency and contrast. Within each ÔmapÕ, the parameter varied (temporal frequency, spatial frequency and contrast) is plotted as a function of the overall contrast of the pattern (or the contrast of the moving component in the experiment investigating relative contrast). The percentage of times observersÕ responses indicated that they perceived coherent motion is plotted using a colour gradient where 100% coherent is represented by red and 0% coherent by blue.
The top row of Fig. 6 confirms that temporal frequency and contrast affect coherence in the same way for all three observers. It shows 2D coherence maps from all observers showing the effect of varying temporal frequency at different contrasts. At high stimulus contrast (0.5), when the temporal frequency of the moving component was similar to that of the stationary component (2 Hz), observers perceived coherent motion on 100% of trials. As the components became less similar in temporal frequency, observers were less likely to perceive coherent motion. The change between the perception of coherent and incoherent motion (50% coherent motion) occurred when the temporal frequency of the moving component was between 6 and 7 Hz for observers LSD and HAA. However, for observer CN, coherent motion was perceived on more than 50% of trials at all temporal frequencies. As contrast decreased, the temporal frequency corresponding to the transition between coherent and incoherent motion also decreased. At very low contrast, observers report a direction of motion consistent with coherent motion between 7% and 42% of trials regardless of the temporal frequency of the moving component.
It is possible that the reduction in coherence with increasing speed is caused by the increase in distance travelled by the component during its presentation, and not its increase in temporal frequency. A control experiment was designed to determine which of these is true. Fig. 5 shows for observer LSD, that there was no difference in results between the experiment in which the duration was constant and the control experiment where the number of cycles presented was constant. Therefore, we can conclude that the fall off in coherence with temporal frequency seen in the previous experiment is a consequence of the temporal frequency of the moving component and not the increasing distance travelled during stimulus presentation.
While there is some research investigating the effect of overall speed on coherent motion, there is no research investigating the effect of speed differences on coherent motion (Adelson & Movshon, 1982; Movshon et al., 1986; Smith, 1992) . It was the effect of relative, rather than overall, temporal frequency on coherent motion that was investigated here (speed and temporal frequency covary in this experiment as the spatial frequency of the moving component was fixed at 2 c/deg). By manipulating the temporal frequency of the moving Fourier component it was shown that the larger the difference in relative temporal frequency (or speed) between the components, the less likely observers were to perceive coherent motion. Therefore, in order for the visual system to combine Fourier components into one unified pattern (coherent), the components must be similar in temporal frequency. In addition to this we have shown for the first time that the contrast of the stimulus dramatically affects the perception of coherent motion with very low contrast stimuli never being perceived coherently. 
Spatial frequency
The most coherent stimulus from the previous experiment was used here to investigate the effect of relative spatial frequency and overall contrast on the perception of coherent motion. In this experiment the spatial frequency of the moving component (2 Hz) was fixed at 2 c/deg while the spatial frequency of the stationary component was increased with respect to the moving component. Fig. 4ii shows the percentage of times observer LSDs direction discrimination performance indicated she perceived coherent motion plotted as a function of the spatial frequency of the stationary component. As the spatial frequency of the stationary component was increased with respect to the moving component, LSD was less likely to perceive coherent motion. As in the last experiment, as contrast decreased the psychometric functions became increasingly shallow. This confirms that, as the contrast of the stimuli decreases, the likelihood of coherent motion perception also decreases.
The middle row of Fig. 6 confirms that all our observers show a decline in coherence with increasing spatial frequency. It shows the proportion of trials in which each observerÕs response indicated that they saw coherent motion when the spatial frequency of the stationary component was increased with respect to the moving component. The spatial frequency of the stationary component is plotted as a function of the contrast of both components. The percentage of trials in which observersÕ direction discrimination performance indicates that they perceived coherent motion is plotted using the colour gradient.
At high stimulus contrast (0.5) when the spatial frequencies of the components were equal (or similar), observersÕ direction discrimination responses indicated that coherent motion was perceived on all trials. As the spatial frequency of the stationary component was increased, observers were less likely to perceive coherent motion. The change between the perception of coherent and incoherent motion occurred when the spatial frequency of the stationary component was $6 c/deg for observers LSD and CN and $4.5 c/deg for observer HAA. When the contrast of the patterns was decreased, the spatial frequency corresponding to the transition between coherent and incoherent motion also decreased. Fig. 6 . Colour plots representing predicted coherence. The percentage of trials in which observersÕ direction discrimination performance indicated they perceived coherent motion is used to predict, by linear interpolation, the likelihood of perceiving coherent motion for stimulus parameters not tested. These predictions are plotted in three colour plots for each observer. In the colour gradient used, 100% coherent is represented by red and 0% coherent by blue. Each column represents the predictions for each observer and each row predicts performance for temporal frequency, spatial frequency and contrast respectively. Within each colour plot, the parameter varied (temporal frequency, spatial frequency, contrast of stationary component) is plotted as a function of pattern contrast (or the contrast of the moving component in the contrast experiment). All stimulus details are as Fig. 4 .
At the lowest contrast, the perceived direction of motion is consistent with coherent motion only between 12% and 35% of trials.
The results presented here are consistent with those of previous research. Adelson and Movshon (1982) showed that the relative spatial frequency of the Fourier components influenced observers judgement of coherence. However, in their experiment the plaids were composed of components with unequal contrast, a property known to influence coherence (Welch & Bowne, 1990) . Smith (1992) conducted a more detailed investigation of the effect of relative spatial frequency, speed and overall contrast on coherence. He found that the greater the difference in spatial frequency between the Fourier components, the less likely they were to cohere. Coherence decreased with increasing speed and decreasing overall contrast, also consistent with the data presented here. In addition to this, our data shows that at very low contrast coherent motion is not perceived, irrespective of how similar the Fourier components are in spatial frequency.
Contrast
The most coherent stimulus from the previous two experiments is used in the following experiment to investigate the effect of relative and overall contrast on coherent motion. The temporal frequency (2 Hz), spatial frequency (2 c/deg) and contrast of the moving component was fixed while the contrast of the stationary component varied. Fig. 4iii shows the percentage of times observer LSDs direction discrimination performance indicated she perceived coherent motion plotted as a function of the contrast of the stationary component. As the contrast of the stationary component was decreased with respect to the moving component, LSD was less likely to perceive coherent motion. In addition to this, as the contrast of the patterns decreased, the slopes of the psychometric functions also decreased. Therefore, as with the previous two experiments, the likelihood of coherent motion perception decreased as contrast decreased.
The bottom row of Fig. 6 shows the data from each observer when the contrast of the stationary component (y-axis) was decreased with respect to the moving component (x-axis). When the contrast of the moving and stationary components was similar, observersÕ direction discrimination performance indicated that they perceived coherent motion. As the contrast of the stationary component was decreased, observers were less likely to perceive coherent motion. Furthermore, as the overall contrast of the patterns was decreased, observers were less likely to perceive coherent motion. Observer CN shows a more marked effect of pattern contrast than the other observers.
General discussion
The likelihood of observers perceiving coherent motion is maximised by presenting stimuli with Fourier components that have similar temporal and spatial characteristics and have high contrast. When stimuli have very low contrast, the similarity of the temporal and spatial characteristics of the Fourier components is irrelevant, observers never perceive coherent motion with low contrast stimuli.
The experiments in this paper employed a more objective method of assessing coherent motion by asking observers to perform a direction discrimination task, rather than making a judgement of coherence. Owing to the relatively large difference in direction between coherent and incoherent motion (45°) it is likely that any variability in performance between observers is mechanism dependent rather than a consequence of shifts in criteria. While the coherence mechanism may be noisy, we have found, for the most part, that observers are in good agreement concerning the conditions required for coherent motion.
Thus far we have made no distinction between the direction of motion as predicted by the intersection of constraints or the vector sum model. In all experiments, except experiment 2, they each predict a direction of motion on the same side of vertical. Therefore, the experiments presented here cannot distinguish between the two. However, in experiment 2, the direction of motion predicted by vector sum model, including the Fourier and non-Fourier components with equal weight, changes from one side of vertical to the opposite side of vertical as a function of spatial frequency. Therefore, it is possible that observersÕ perception in experiment 2 reflect this change rather than the coherence of the stimuli. However, this is unlikely for the following reasons. Previous research has shown that as the difference in spatial frequency between the Fourier components is increased, motion becomes incoherent. Indeed, our observers subjectively reported that when there was a large difference in spatial frequency between the components, they perceived one component as moving over the other component (incoherent). Moreover, it is not clear why the Fourier and non-Fourier components should be combined with equal weight. Wilson et al. (1992) assert that the vector sum computation should be independent of contrast, implemented by contrast gain control. However, the perceived direction of motion, and hence coherent motion, is dependent upon the overall contrast of the pattern. At high contrasts small differences in temporal frequency, spatial frequency and contrast, between the Fourier components are possible while a perception of coherent motion is still maintained. While, at low contrast (contrast threshold) observers never report coherent motion irrespective of the spatial or temporal similarity of the components. Contrast clearly plays a large role in motion perception and should be considered when determining the weight with which components are combined in any computation. Smith (1992) also showed that as the contrast of the patterns decreased, the components of the plaid had to be more similar in spatial frequency and have a slower speed in order for coherent motion to be perceived. Other research has demonstrated the role of contrast in motion perception, but not coherence per se. Yo and Wilson (1992) showed that the perceived direction of motion of a plaid varied as a function of duration. At short durations (<90 ms) the perceived direction of motion was in accordance with vector sum (a vector sum operation excluding the non-Fourier components). With time, the perceived direction of motion changed to correspond with the IOC. The change in perceived-direction-of-motion-over-time is explained by the fact that the non-Fourier components in the vector sum operation are not available immediately. The delay occurs because non-Fourier components require more processing time to measure than Fourier components and are therefore, not available to the vector sum operation at the same time. Yo and Wilson found that the change in perception was also influenced by contrast. At low contrast (0.05) observers perceived the plaid as moving in the vector sum direction even at longer durations. This paper shows that at low contrast observers never perceive coherent motion. Therefore, it is possible that in Yo and WilsonÕs (1992) study observers did not perceive the stimuli as coherent and if so, their performance would be virtually indistinguishable from that predicted by the vector sum. Observers perception would alternate between the direction of motion of each component in the pattern and, on average, such responses would be indistinguishable from a response corresponding to a vector sum direction of motion. Indeed Yo and Wilson (1992) report that two of the experienced observers in their paper said that at low contrast the patterns had a tendency to appear incoherent. Furthermore, it has been shown that at longer durations observers were more likely to perceive patterns as incoherent (Kooi & De Valois, 1992; von Grunau & Dube, 1993; Wright & Gurney, 1997) . Therefore, Yo and Wilson may be describing patterns that were perceived as moving incoherently. In view of the dependence of coherent motion on contrast, modification to the vector sum model is required. Smith (1992) discussed the possibility that a reduction in coherence with perceived contrast explains the effect of pattern contrast on coherence, particularly when the plaids have Fourier components with different spatial frequencies. Georgeson and Sullivan (1976) showed that high spatial frequency gratings have a lower perceived contrast than their lower spatial frequency counterparts when contrast is low. However, at higher contrasts, there is no effect of spatial frequency on perceived contrast. If the apparent contrast of the components in moving plaids varies in the same way, it would predict that when Fourier components have low contrast and equal spatial frequency, coherence would vary as a function of spatial frequency. However, coherence should not vary as a function of spatial frequency when the components have high contrast. This explanation appears credible until we consider that at very low contrast, patterns are not perceived coherently even when the components have equal spatial frequency.
If a similar relationship exists between perceived contrast and temporal frequency, then the perceived contrast of the components may be the single most important factor when determining whether or not coherent motion is perceived. In all of the plaid stimuli presented here, the patterns are composed of one stationary and one moving component. This design allowed us the freedom of investigating coherence with a more objective methodology. However, under any condition, the optimal pattern for coherence is not presented; one whose Fourier components have identical temporal and spatial frequencies. If so, even when the Fourier components have equal spatial frequency and equal contrast, there may be a difference in perceived contrast between the components as a consequence of the temporal frequency difference and this will vary as a function of pattern contrast. It may be this difference in perceived contrast that is the important factor driving the perception of coherent motion. Further experiments are required to determine if there is an effect of temporal frequency on perceived contrast and whether this is likely to be the determining factor here.
Thus far we have considered the conditions required for the coherence of Fourier motion signals. However, we might consider whether these conditions match those required for the coherence of motion signals that correspond to local features or edges. Lorenceau and Shiffrar (1992) found that the edges of moving diamond shaped stimuli were more likely to be perceived coherently at low contrast. The authors investigated the conditions in which observers were able to integrate motion information over multiple apertures. Observers were required to indicate whether a diamond shape which moved behind an opaque surface containing four apertures positioned so that no corners were visible, appeared to move clockwise or anticlockwise. When the outline of the apertures was not visible, observersÕ perception was incoherent and so performance poor. However, when the apertures had an outline, the performance of observers improved. Furthermore, when the contrast of the terminator (intersection of the contour with aperture) was lower, and the contrast of the contour lower, performance improved. Similar results were obtained with colour stimuli (Shiffrar & Lorenceau, 1996) . This suggests that different rules apply to the integration of local features and Fourier components.
A considerable amount of research has investigated the conditions in which the Fourier components combine to form a coherent 2D pattern. This research has concentrated on combining the motion signals of the Fourier components to produce a coherent 2D pattern with a motion signal that is different to that of either of its components. However, it is possible that the coherence of patterns is not dependent upon the combination of the 1D motion signals. Coherence, and coherent motion perception may be dependent upon the perception of a 2D spatial pattern in which local features and edges, not present in the Fourier components, can be extracted.
When observers were asked to locate the edges in a 90°plaid stimulus, the position of such edges did not correspond with the orientation of the Fourier components in the pattern but corresponded with the edges of the high contrast blobs in the pattern (Georgeson, 1998) . The spatial conditions that disrupted perception of a Ôcompound patternÕ facilitating the perception of two overlapping components coincide with the conditions that affect the perception of coherent motion presented here. Georgeson found that with increased difference in spatial frequency between the components, increased angle between the components and decreased contrast, observers were less likely to perceive a coherent pattern. Meese and Freeman (1995) also found that perceptual combination was less likely at low contrast. This suggests that there may be a strong relationship between the perceived compound structure of the plaid and coherent motion perception. Indeed, Smith (1992) suggests that observers may be using the spatial structure of the pattern as a cue to motion coherence when presented with plaid patterns whose Fourier components have different spatial frequencies. Therefore, it is possible that the perception of coherent motion is entirely dependent upon the formation of a 2D spatial pattern and not the combination of Fourier motion signals.
